Abstract. The Dutch Maeslant barrier, a movable surge barrier in the mouth of river Rhine, closes when due to a surge in the North Sea the water level in the river in Rotterdam would exceed 3 m above mean sea level. An important aspect of the failure probability is that the barrier might get damaged during a closure and that, within the time needed for repair, as a second critical storm-surge occurs. With an estimated closure frequency of once in 10 years, the question arises how often the barrier has to be closed twice within a month. 
Introduction
In 1953, a large part of south-west Netherlands was flooded by the sea, with over 1800 casualties. After these floodings it was decided to shorten the Dutch coastline by approximately 700 km by building both closed and permeable dams between the isles in the south-west of the country. In this way not all dikes had to be made higher.
In 1987 it was decided to build a movable surge barrier in the so-called New Waterway (which is the artificial mouth of In order to guarantee the required safety level for the hinterland, the failure probability of the Maeslant-barrier is required to be maximally 0.01, i.e., it has to close correctly in 99 of the 100 cases (Rijkswaterstaat, 2013 ). An important aspect of the failure probability is the scenario that the barrier gets damaged during a closure and that, within the time needed for repair, a second critical storm-surge occurs.
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The time that the barrier can not be closed due to repair depends, naturally, on the complexity of the breakdown. Therefore we explore the frequency of all succeeding closures with an interim time from one day to one month.
For the estimation of the probability of two closures within a given short time interval (which we here will call a double closure), the observational record of the one single event that did occur obviously does not provide any information about inter-arrival times. In order to derive nevertheless information about the double closures from the observations, one possibility 20 could be to explore how often a threshold lower than 3 m above NAP has been exceeded, and to scale these probabilities to the required level. A different approach might be to regard the closures to be independent, which leads to a Poisson distribution for the inter-arrival times (see Section 3). Using that the average return period is about 10 years, an estimate can be obtained how often the recurrence time is one week or a month. However, the result of this approach is very sensitive to the estimated recurrence period, and is biased due to the neglection of temporal correlations in the water levels.
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We therefore used alternate approach (Van den Brink et al., 2005b) , i.e., by combining the seasonal forecasts (Vialard et al., 2005) of the European Centre of Medium-Range Weather Forecasting (ECMWF) into a large dataset, representing the current climate with more than 6000 independent years (up till December 2015). Thereafter we calculated the surges from the winds and pressures from this dataset, resulting in a high-frequent time series of water levels with the same length as the ECMWF dataset. From this dataset of water levels, the required inter-arrival times in a stationary climate can be counted and analysed. The seasonal forecasts of the ECMWF is used to drive the surge model WAQUA/DCSMv5, which outputs (among others) the water level at the coastal station Hoek van Holland (see Figure 3 for its location). The city of Rotterdam is located about 25 km from Hoek van Holland upstream of the river Rhine. Although the height of the water level in Rotterdam is mainly determined by the water level at Hoek van Holland, it is also influenced by the discharge of the river Rhine. A simple analytical relation 5 is therefore used to simulate the effect of the Rhine discharge on the water levels in Rotterdam. All three models are briefly described below.
ECMWF seasonal model runs
From November 2011 onward the ECMWF produces every month an ensemble of 51 global seasonal forecasts up to 7 months ahead, i.e. amply surpassing the 2 weeks horizon of weather predictability from the atmospheric initial state. Over the period 10 1981-2011, re-forecasts with smaller ensembles have been performed to calibrate the system. The forecast system consists of a coupled atmosphere-ocean model. The atmospheric component has a horizontal resolution of T255 (80 km) and 91 levels in the vertical (Molteni et al., 2011) . The ocean component NEMO has a resolution of 1 degree and 29 vertical levels (Madec, 2008 ). The wave model WAM (Janssen, 2004) allows for the two-way interaction of wind and waves with the atmospheric model. All forecasts are generated by the so-called System 4 (Molteni et al., 2011) .
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The ECMWF dataset provides, among other fields, global fields of 6-hourly wind and sea-level pressures (SLP). We have regridded the data to a regular grid of 0.5 degrees.
From every 7-month forecast, we skipped the first month in order to remove dependence between the perturbed members due to the correlation in the initial meteorological states. Van den Brink et al. (2005a) show that the correlation of the NAO index approaches zero for the forecasts after 1 month. We combined two forecasts that differ 6 month in start time to construct a 20 full calendar year. The total number of forecasts that have been combined to full years is 12556, resulting in 6282 independent calendar years. Table 1 Although the thus obtained dataset is as continuous as possible, several peculiarities are left. First, there is a discontinuity at every concatenation point, which aborts the temporal correlation in the meteorological situation. The correlation in the astronomical tide is however preserved. As the concatenation follows the historical order for every perturbation number, possible low-frequent variability (e.g. due to the sea surface temperature) is maintained (Graff and LaCasce, 2012) . In this way, the 18.6-year lunar nodal cycle is also incorporated. The only discontinuities in the initial states occur when 2015 is reached and 30 the next year starts again in 1981 (from year 35 to 36 in Table 1 ). Discontinuities in the calendar years are made when the perturbation number jumps back from 50 to 0. In that case, one calendar month is skipped (from year 669 to 670 in Table 1 ).
These few discontinuities have negligible influence on the outcomes. 
WAQUA/DCSMv5 model
To infer surge heights in the North Sea from the ECMWF output we use WAQUA/DCSMv5 (Gerritsen et al., 1995) . This model solves the two-dimensional shallow-water equations on a We analyse the model results in terms of total water level as this is the quantity relevant for the closure of the Maeslant 10 barrier.
Rhine discharge model
The water level at Rotterdam is influenced both by the sea level at Hoek van Holland and the river discharge. Based on calculations by Rijkswaterstaat (de Goederen, 2013, page 23) , the water level at Rotterdam L R can be approximated by: land we added a 6-month period starting with the same date as the ECMWF ensemble member starts with, randomly selected from the Lobith record. In this way the seasonal variation of the river discharge is maintained. This approach implies that there is no correlation between high sea surges and river discharges, which is approximately true (Van den Brink et al., 2005a; Kew et al., 2013) .
3 Methodology 
Extreme value analysis
To determine the extreme water levels that occur on average once in a given period (the return period), annual maxima are fitted to a Generalized Extreme Value (GEV) distribution, which is the theoretical distribution for block maxima (e.g. Coles, 2001 ):
Here µ, σ and ξ are called the location, scale and shape parameter, respectively, and y is the sea water height . If |ξ| → 0, Eq. 2 can be written as
which is called the Gumbel distribution.
The return period T s , which is the average recurrence time of a single exceedence of level y, is defined by
For large return periods, the combination of Eq. (3) and (4) can be approximated by:
The distribution of the annual extreme are in this paper presented in the form of Gumbel plots, in which the annual maxima (or minima) are plotted as a function of the Gumbel variate x = − ln(− ln(G(y))). In case of a Gumbel distribution this results
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in a straight line. Via Eq. (4) the Gumbel variate is directly related to the return period, which we label on the upper horizontal axis of the plots.
Interarrival times
The inter-arrival times of independent events can be described as a Poisson process. If N t is the number of events that occurs before time t, and 1/λ is the average recurrence time, then We are interested in the probability that the time until the next event ∆T is larger than a given value t. This means that no events occurred before time t, i.e. k = 0. It thus follows that
which states that the inter-arrival time between independent events is exponentially distributed.
For small inter-arrival times (∆T 1/λ), Eq. (7) can be rewritten as:
in which T d is the recurrence time of a double event. An average recurrence time of 10 years thus implies that a double closure within a month occurs once in 120 years if independence is assumed.
Evaluation

Water level observations
Due to sea level rise and land subsidence, the observational water levels in a historical record have to be corrected for these influences. 
ECMWF wind and pressure fields
In order to model extreme surge events correctly, in particular the wind and pressure should be well represented by the model.
Due to the sensitivity of model wind to the drag parametrisation, it is difficult to verify the model winds directly. Instead, we validated the SLP. This direct model parameter can be compared more easily with observations than wind data, and is a good measure of the capability of the model to produce deep depressions (see also Sterl et al., 2009 ). WAQUA/DCSMv5, which leads to underestimation of high surges (Zweers et al., 2010; Van Nieuwkoop et al., 2015) .
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In order to correct for this feature, we applied the following correction to the ECMWF-WAQUA/DCSMv5 water levels at Hoek van Holland:
in which L org is the original water level as calculated by WAQUA/DCSMv5, and L adj the adjusted surge. The subscripts obs and W refer to the Gumbel parameters of the observations and WAQUA/DCSMv5, respectively. The quantile mapping of We conclude that, although a correction is necessary, this correction is small enough to trust the water levels of the ECMWF-WAQUA/DCSMv5 ensemble for determining the closure frequencies. Figure 5 shows the histogram of the effect of the Rhine discharge on the water level at Rotterdam.
Rhine discharge
In the observational record the maximum effect of the river discharge to the water level in Rotterdam (according to Eq (1) blue line in Figure 4 ). We note that the equation used by Zhong et al. (2012) to model the effect of the Rhine discharge on the water level in Rotterdam gives identical results.
We conclude that the effect of the Rhine discharge on the water level in Rotterdam can be substantial, but that the average effect on the extreme levels is only a few centimetres.
5 Results From Figure 6 it can be concluded that the assumption of independence for the occurrence of (extreme) water levels is violated on a daily scale by the astronomical tide, on a weekly scale by the clustering of extra-tropical cyclones and spring tide, and on monthly scale by the seasonal variation in the storm intensity and frequency. Only at annual scale the inter-arrival times are exponentially distributed, and thus can be considered to be independent. This means that we cannot assume independence in order to calculate recurrence times for short intervals, and thus cannot apply Equation 7 to estimate the probability of a 20 double closure within a week or month.
Instead of assuming independence, we could directly count the inter-arrival times between the events that exceed 3 m water level, and construct an empirical probability distribution function (EPDF) from them. However, even the 6282-year dataset is too short for this approach, as the dataset contains only 30 inter-arrival times that are less than a month. Direct derivation of the EPDF is therefore not possible.
25
In order to bypass this problem, we explore how the required EPDF for 3 m relates to the EPDF for lower thresholds. Figure 7 shows that the number of occurrences in which the threshold is exceeded twice within 1 week is exponentially related to the threshold (blue line and points). The same holds for inter-arrival times of 2 and 4 weeks (green and red resp.). 
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The figure indicates that we can base our desired EPDF on a lower threshold than 3 m, and transform those results to the required EPDF for a threshold of 3 m by a simple multiplication. The value of that multiplication factor M for the probabilities of the 3 m threshold is given by:
in which N 1 is the counted number of occurrences for which the water level exceeds y 1 m twice within the given time window,
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and N 2 the number of double closures for level y 2 (3.0 m) we are looking for. The fact that the three lines in Figure 7 are parallel indicates that this multiplication factor is virtually independent of the time window.
10 100 1000 10000 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 number of events within given time window threshold of water level [m] 1 week 2 weeks 4 weeks Figure 7 . Number of occurrences N in which the threshold y is exceeded twice within 1, 2 or 4 weeks (blue, green and red respectively).
The vertical axis is logarithmic.
We chose to derive the EPDF on a threshold of y 1 equal to 2.5 m, as this threshold gives a good compromise between the number of occurrences (we then have 1228 events that occur within 4 weeks of the previous event, and 601 events that occur 14 Ocean Sci. Discuss., doi:10.5194/os-2017 Discuss., doi:10.5194/os- -5, 2017 Manuscript under review for journal Ocean Sci. Discussion started: 24 February 2017 c Author(s) 2017. CC-BY 3.0 License. within 1 week) and the extremity of the threshold (the 2.5 m threshold is exceeded on average once in two years, see Figure 4 ). According to Eq (11), the probabilities of the 2.5 m threshold have then to be multiplied by 0.032 to be transformed to the 3.0 m threshold. Figure 8 shows the recurrence times as a function of the inter-arrival times, for a threshold of 3 m. It can be seen that in the 
Recurrence times
Effect of sea level rise
In order to estimate the first-order effect of sea level rise on the closure frequency, we assume no changes in the wind climate, 15 no change in river discharge, and no effect of the sea level rise on the surge and astronomical tides (which is approximately true, see e.g. Lowe et al., 2001; Sterl et al., 2009) . In that case, the effect of sea level rise can be incorporated by considering the probabilities of a threshold that is accordingly lower. A sea level rise of 0.3 m will thus lead to the situation as if closure takes place at 2.7 m instead of 3.0 m.
Effect of sea level rise on single closures
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The effect of the sea level rise on the number of single closures can be derived by calculating ∂T /∂y from Eq (5). It easily follows that
in which return periods T s,1 and T s,2 belong to water levels y 1 and y 2 , respectively. Here, σ=0.26 is the Gumbel scale parameter.
It directly follows from Eq (12) that a 0.18 m sea level rise reduplicates the closure frequency. With the expected sea level rise 
Effect of sea level rise on double closures
The effect of sea level rise on the probability of two closures within a time window can directly be derived from Figure 7 and Equation 11. In a way similar to Eq (12) it follows from Eq (10) that log( N 1 N 2 ) = y 2 − y 1 β
Equation (13) shows that approximately every 0.10 m sea level rise doubles the probability that two closures occur within 
Conclusions
The seasonal forecasts of the ECMWF, with a total length of more than 6000 years, represent the current wind climatology over the North sea area very accurately. Combination of the ECMWF output with the surge model WAQUA/DCSMv5 results 5 in a 6282-year dataset of water levels that (after a small correction) are well suited for many research objectives.
In this paper we apply the dataset in order to estimate how often the movable Maeslant-barrier in the New Waterway (which is the artificial mouth of the river Rhine) has to be closed twice in a short time interval -varying between days up till a month. This is of importance as the barrier might get damaged during the first closure and the barrier can not be closed during the reparation time.
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The result indicates that the barrier has to be closed within a month approximately once in 150 years, and once in 330 years within a week.
Assuming independence between two closures leads to wrong estimates of the double closures. Independence is violated by the deterministic component of the astronomical tide on the daily scale, by clustering of depressions and by spring tide on the weekly scale, and by seasonality on the monthly scale.
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Sea level rise has a large impact on the frequency of single and double closures. Every 10 cm sea level rise doubles the probability of double closures, resulting in 2.7-14 times more double closures for the 0.15-0.40 m expected sea level rise in 2050.
